A kinetic model of the photocatalytic inactivation of Escherichia coli in an annular wall reactor is presented. The model is based on a reaction scheme that involves a series of events in which bacteria are progressively damaged and eventually led to cell lysis. The model explicitly takes into account radiation absorption effects. Photocatalytic inactivation experiments were carried out in a photoreactor operated in a closed recirculating circuit with a reservoir tank and irradiated with a 6W black light lamp situated in the axis of the reactor.
INTRODUCTION
The provision of safe drinking water is a key issue for human development and has become one of the main concerns of governments and international organizations [1, 2] . Therefore, research on more efficient purification processes represents a major topic for scientific community. Photocatalysis with titanium dioxide is an effective alternative to conventional water disinfection technologies that employ powerful chemicals such as chlorine compounds [1] . Among the main advantages of photocatalysis, it should be cited: mild reaction conditions, absence of harmful by-products, non-selectivity of TiO 2 , and the possibility of employing solar radiation to activate the catalyst.
In many studies on water treatment, suspensions of fine TiO 2 powder under UV irradiation are employed. However, the applicability of photocatalysis on large scale requires the immobilization of TiO 2 , in order to avoid the catalyst separation step and to allow carrying out the process in continuous mode. The performance of immobilized catalytic systems is reported to be lower than that of TiO 2 slurry reactors in deionised water, apparently due to mass transport limitations and less available catalytic area [3, 4] . Nevertheless, wall reactors have shown lesser inhibition by the presence of dissolved organic matter when compared with slurry reactors. Besides, immobilized systems have proven to be stable and do not show deactivation after several cycles of reuse, being readily applicable for continuous water treatment systems [5] .
Although photocatalysis for water disinfection has been extensively investigated, studies focused on the modeling of the process remain scarce. The mathematical models employed to represent the kinetics of photocatalytic disinfection have been thoroughly reviewed by Dalrymple et al. [6] . The majority of them are empirical, mainly based on conventional, homogeneous chemical disinfection principles which cannot be directly applied to heterogeneous photocatalytic systems. On the other hand, mechanistic models are more suitable to predict the performance of real photocatalytic devices under a wide range of operating conditions because they are based on the physical and chemical events that take place in the disinfection process. This kind of models can be classified in: lipid peroxidation models, microbe-catalyst interaction models, series-event and multi-target models.
Maximum interaction between radiation, catalytic surface and microorganisms is the main goal in the design of efficient devices for water disinfection. Therefore, kinetic models that take into account radiation absorption effects and adsorption phenomena between catalyst and bacteria are essential. This work is focused on the kinetic modelling of the photocatalytic inactivation of Escherichia coli based on a proposed reaction scheme with explicit radiation absorption effects. The experiments were carried out in a laboratory scale, annular, wall photoreactor operating in a closed recirculating system. A precise evaluation of the superficial rate of photon absorption for the TiO 2 layer, required to model the effect of the radiation absorption on the inactivation reaction rates, is carried out by applying a radiation balance in terms of the net radiation fluxes at the inlet and outlet of the TiO 2 layer. The aim of this study is the development of a kinetic model independent of the irradiation conditions, useful for reactor designing or scaling-up purposes. Accurate models could help to predict and optimize the performance of commercial devices, with the consequent economical benefits.
EXPERIMENTAL

Photoreactor
Photocatalytic experiments were carried out in an annular photoreactor made of borosilicate glass. Inactivation experiments were carried out with glass tubes after 1, 2 and 3 coatings cycles.
Experimental procedure
Escherichia coli K-12 strains were provided lyophilized by the Spanish Type Culture The bacterial suspension was charged in the reservoir tank and the recirculation pump was switched on during 15 minutes. In the meantime, the lamp was switched on outside the reactor to stabilize its emission power and spectrum before the reaction starts. 
KINETIC MODEL
Derivation of the kinetic model
The photocatalytic inactivation of E. coli can be modelled in a simple way by a reaction scheme, summarized in Table 1 , which involves a series events in which bacteria are progressively damaged and eventually led to cell lysis [7, 8] . It includes photocatalyst excitation, recombination of photogenerated charge carriers, electron trapping, and hole trapping steps. Subsequently, the attack of the generated hydroxyl radicals to undamaged (B u ), damaged (B d ) and inactivated (B i ) population of bacteria is proposed. B pi , with i = 1 to n, represents biological structures and compounds released after the bacterial lysis. The latter steps are not elemental but global stages that involve several radical attacks to the microorganisms.
The Appendix shows the details of the derivation of the kinetic model and the assumptions considered to obtain the following kinetic expressions:  , and 4  are lumped kinetic parameters. It can be noticed that the proposed kinetic model provides a general rate expression with an explicit dependence of the photon absorption effects on the bacterial inactivation rate.
Optical Properties of the catalytic film
To calculate the rate of photon absorption in the TiO 2 film, the optical properties of the coating must be known. To evaluate the volumetric absorption coefficient of film ( f ), the following optical parameters as a function of the wavelength are required: (i) the diffuse transmittance and reflectance of the bare borosilicate glass plates (T g , R g ), and (ii) the diffuse transmittance and reflectance of the coated (TiO 2 film + glass) borosilicate glass plates (T fg ,
Values of R and T were obtained from experimental measurements determined as a function of wavelength between 340 and 410 nm in an Optronic OL series 750 spectroradiometer equipped with an OL 740-70 integrating sphere reflectance attachment [9, 10] . Figure 1 shows the diffuse transmittance results for the glass (T g ) and glass coated with one (T fg1 ), two (T fg2 ) and three (T fg3 ) TiO 2 layers [ Fig. 1(a) ] and the diffuse reflectance results for the glass (R g ) and glass coated with one (R fg1 ), two (R fg2 ) and three (R fg3 ) layers To assess the fraction of energy absorbed by the coating, the net-radiation (or the raytracing) method, originally derived for multiple parallel layers can be applied [11] . Multiple reflections, absorptions and transmissions of radiation in the layers are taken into account by means of this technique. The mathematical expressions to calculate the fraction of incident energy transmitted (T), reflected (R) and absorbed (A), are given by the expressions:
Here f, g and fg represent film, glass and film + glass optical properties, respectively; the subindex j corresponds to a TiO 2 film with j = 1, 2 or 3 layers. To simplify the nomenclature, the subscript  indicating the wavelength of each optical property was omitted.
From Eqs. (3) and (4), the following expressions can be derived to compute the fraction of incident energy transmitted, reflected and absorbed by the film of TiO 2 :
Finally, the volumetric absorption coefficient of the TiO 2 film was computed by
where  j is the average thickness of the film with j layers of TiO 2 . The film thickness for each one of the three TiO 2 layers was estimated from the average of ten Scanning Electron Microscopy (SEM) micrographs of the inner-tube glass wall [11] . From these analysis, it has been determined that  1 = 0.75 ± 0.1 m,  2 = 1.1 ± 0.2 m and  3 = 1.5 ± 0.2 m. It is important to note that  f is independent of the film thickness. 
Superficial Rate of Photon Absorption
The spectral SRPA in the TiO 2 layer can be calculated by a radiation balance in terms of the net radiation fluxes at the inlet (x = 0) and outlet (x =  j ) of the layer (Figure 3) : ) where I  is the spectral radiation intensity and  the direction cosine of the ray for which the RTE is written ( = cos ). Equations (11) and (12) and F  were reported in a previous section (Figure 2) .
Results of the SRPA computed with Eq. (15) for 1, 2 and 3 layers, are: (i) 
4.
RESULTS AND DISCUSSION
Once the values of the SRPA for the different TiO 2 layers have been computed, and the inactivation reaction rates for undamaged and damaged bacteria have been derived, they can be used to solve the mass balances of the photocatalytic wall reactor. Assuming that: (i) the system is perfectly mixed, (ii) there are no mass transport limitations, (iii) the conversion per pass in the annular reactor is differential, and (iv) parallel dark reactions are neglected, the mass balances and the initial conditions of undamaged and damaged bacteria in the storage tank are given by:
The resolution of the mass balance equations gives the evolution of the E. coli CFU per mL in the reservoir tank. These values can be compared with the experimental results considering that undamaged and damaged bacteria remain viable and consequently both can be counted by the plating technique.
Using a nonlinear regression algorithm coupled with a Runge-Kutta numerical integration procedure, the kinetic parameters that best represent all the experimental data can be estimated. Table 2 (top) summarizes the values and units of the parameters for the fourparameter kinetic model and the corresponding root mean square error (RMSE). layers is much higher than 1. Therefore, the simplified kinetic expressions, detailed in the Appendix for cases under high levels of irradiation, can be employed. This approximation leads to a model with only three kinetic parameters: ,  3 and  4 . Accordingly, the mass balances for the three-parameter kinetic model can be expressed as follows:
The corresponding initial conditions of these ordinary differential equations are given by Eqs. (17) and (19). Using again the nonlinear regression algorithm coupled with a RungeKutta numerical integration procedure, the new parameter values of the three-parameter kinetic model that best represent all the experiments can be evaluated. Moreover, the model is able to represent the initial delays ("shoulders"), the log-linear regions and the absence of "tails" at the end [12] .
It should be also noted that when increasing the number of coatings, an increase in the bacterial inactivation activity is observed. However, the activity with three coatings was only slightly higher than that with two coatings. For this reason, a higher number of coatings was not investigated in this work.
CONCLUSIONS
The photocatalytic inactivation of Escherichia coli studied has been modelled by means of a reaction scheme that involves the explicit radiation absorption of the titanium dioxide layer and a series events reaction scheme in which bacteria are progressively damaged and eventually led to cell lysis. The kinetic model has been validated by experimental data obtained in an annular wall photoreactor operating in a closed recirculating system and irradiated with a black light lamp placed in the reactor axis.
The values obtained for the kinetic parameters can be considered independent of the irradiation conditions and reactor configuration. Therefore, the model could be used in a predictive way for designing and scaling-up of water disinfection devices.
By applying the kinetic micro steady state approximation for the concentration of electrons, holes and hydroxyl radicals, the following expressions can be derived: Besides, the superficial rate of electron-hole generation is given by [13] : [B ]
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